The magnetic properties of the L1 0 -FePt20 nm/Fe5 nm exchange spring bilayer were investigated using the micromagnetic simulation software object oriented micromagnetic framework (OOMMF). The results indicate that coercivity increases and thermal stability improves as the magnetocrystalline anisotropy constant (K FePt ) of the L1 0 -FePt hard layer increases. When K FePt reaches the critical value of 2.8 Â 10 6 J/m 3 , an additional step appears in the hysteresis loop, and the magnetization process shows a two-phase reversal behavior, which is disadvantageous for practical applications of the recording media. However, setting K FePt as a graded variation removes the step of the hysteresis loop and reduces coercivity while allowing the thermal stability of the system to remain constant. These results can serve as a significant basis for the experimental preparation of exchange-coupled graded media. To meet the demand for ultrahigh-density magnetic recording media and overcome the current superparamagnetic limit, small grains with high anisotropy and low exchange coupling are required. 1 In recent years, chemically ordered FePt alloys with the L1 0 structure have been intensively investigated because of their high magnetocrystalline anisotropy (K u ¼ 7 Â 10 6 J/m 3 ). 2 However, high anisotropy causes an unfavorable increase in coercivity, which may exceed the field of current writing heads. 3, 4 To solve this problem, exchange-coupled composite (ECC) media and exchange spring composite (ESC) media were proposed by Victora 5 and Suess, 6 respectively. Such media combine both high thermal stability caused by the hard magnetic component and moderate switching fields caused by the soft magnetic component. Based on ECC and ESC, the concept of exchange coupled graded (ECG) media has been proposed recently, 7 in which the switching field can be reduced to an arbitrarily small value while the thermal stability remains constant. To date, several experiments have been performed to produce graded media and investigate some of their properties. Goll et al. 8 prepared L1 0 -FePt/Fe graded films by depositing part of the Fe layer at a relatively high temperature, at which coercivity continuously decreases with the increase in graded interface thickness caused by interface diffusion. Chen et al., 9 obtained a tri-layer FePt-C graded medium by subsequently reducing the deposition temperature of each FePt-C layer from bottom to top, the coercivity of which is reduced by half compared with that of a single FePt-C hard film. Previously, we also fabricated FePt:C/Fe graded films through magnetron sputtering and post-annealing. The results indicate that films with a continuous variation in anisotropy can be easily formed because of the interdiffusion between the FePt and C layers during the annealing process. Such graded films can effectively reduce coercivity more than the L1 0 -FePt/Fe bilayer. 10 However, theoretical research on graded media mainly concentrates on thermal stability 1, [11] [12] [13] and magnetization reversal mechanism. [13] [14] [15] [16] For example, magnetization reversal in graded magnetic recording media and its effect on the areal density were calculated by Skomski. 14 The results indicate that both nucleation field and pinning field should be reduced to obtain a graded media with low coercivity. Using long pillar particles can arbitrarily reduced the write field, making the media easier to write. Micromagnetic simulations carried out by Suess 15 indicate that the energy barrier of graded media linearly decreases with external field strength, leading to a high thermal stability in the low frequency recording limit compared with the single-phase media. Several groups have investigated ECG media experimentally and theoretically. However, no attempt has been made to design their structures theoretically and investigate the influences of graded structures on their magnetic properties, which are certainly useful for the experimental preparation of graded films.
In the present work, we design several kinds of multilayer graded films and investigate the effects of structural design on their magnetic properties. The results indicate that L1 0 -FePt/Fe multilayer graded films can effectively reduce coercivity better than the L1 0 -FePt/Fe bilayer. Particularly, the variations of graded structure have great effects on coercivity and reversal mechanism. Optimal design not only can maintain high thermal stability, but can also reduce the coercivity and realize the single-phase reversal behavior. Thus, these simulated results can serve as a significant basis for the experimental preparation of ECG films, which are of particular interest to future ultrahigh density recording media.
II. MICROMAGNETIC SIMULATION METHOD
Micromagnetic simulations were performed using the three-dimensional object oriented micromagnetic framework, 17 through which we simulated the L1 0 -FePt/Fe bilayer and multilayer graded films. The total energy is expressed as
where E ex is the exchange energy, E demag is the selfmagnetostatic energy, E zeeman is the applied field energy, and E an is the magnetocrystalline anisotropy energy. The evolution of the magnetization distribution is obtained by solving the Landau-Lifshitz-Gibert ordinary differential equation: 
where M * ðr i * ; tÞ is the magnetization of the mesh, H * eff ðr i * ; tÞ is the effective field of the mesh, c is the Landau-Lifshitz gyromagnetic ratio, and a is the damping coefficient. The effective field is defined as follows:
which provides actual torque to the magnetization vector. The sample with a dimension of 300 nm Â 300 nm Â 25 nm was simulated with a mesh size of 4 nm Â 4 nm Â 2.5 nm, which is less than the exchange length. The directions of the soft/hard magnetocrystalline anisotropy axis and saturation magnetization were all perpendicular to the film plane. The calculation parameters, M Fe ¼ 1.2 Â 10 6 A/m and M FePt ¼ 0.5 Â 10 6 A/m were taken from our experimental value. 18 The exchange coupled constants used were
À11 J/m, 19 whereas the magnetocrystalline anisotropy parameters used were K Fe ¼ 1 Â 10 2 J/m 3, 19 and K FePt ¼ 0.7 $ 2.8 Â 10 6 J/m 3 .
III. RESULTS AND DISCUSSION
The experimental 18 and simulated perpendicular hysteresis loops of the L1 0 -FePt20 nm/Fe5 nm bilayer are shown in Fig. 1 . The coercivities (H c ) of the two hysteresis loops are almost same with a value of 7.6 kOe when K FePt is equal to 0.7 Â 10 6 J/m 3 ( Fig. 1) . However, the shapes are slightly different, where the experimental hysteresis loop does not show a sharp step at coercivity but it is sheared. This is mainly because of the following four reasons: (i) the saturation field (H SW;last ¼ 2K=J s À B ex þ J s =l 0 ) is usually much larger than the coercivity (H c ¼ 2K=J s ) of one grain due to the hindering of the demagnetizing field for the switching of the last grain; 6, 20 (ii) a continuous film with a dimension of 300 nm Â 300 nm was simulated in the simulation, while the grains were relatively weakly coupled in the experimental sample; (iii) since the measurements were done at room temperature, the coercivity should be significantly smaller than the simulated coercivity, which were done at zero temperature according to the Sharrock's equation; 21 (iv) the L1 0 -FePt/Fe interface difference may be also one reason. 22 The experiment interface between the soft and hard layers is "graded," which is caused by postannealing, whereas the simulated interface is "flat."
The formation of the graded interface can effectively reduce coercivity without deteriorating its thermal stability. Hence, we deduce that the K FePt value of our experimental bilayer should be greater than 0.7 Â 10 6 J/m 3 but smaller than the ideal value of 7 Â 10 6 J/m 3 for L1 0 -FePt. This finding indicates that the phase transition from fcc to L1 0 of the FePt film is not complete after annealing at 550 C for 1 h. We can provide a rough estimate of the minimal stable grain size of the exchange spring media using the following equation:
where k B is the Boltzmann constant, T is the thermodynamics temperature, A is exchange coupled constant, and K hard is the magnetocrystalline anisotropy parameter of the hardest magnetic part. . The areal density of the hard disk is linear at 1=D 2 p . 24 The result shows that the ideal areal density should be three times larger than that of our experiment. To improve the thermal stability and areal density of the recording media, a hard layer with higher K u value is required. Thus, we increased the K FePt value and kept the other parameters constant. The simulation results are shown in Fig. 2 . Coercivity increases abruptly from 7.6 to 20.8 kOe, does not make sense because the full phase transition from fcc to L1 0 would be difficult to carry out at such a nonequilibrium condition using the magnetron sputtering method. In addition, a step appears in the hysteresis loops as K FePt ¼ 2.8 Â 10 6 J/m 3 , which usually indicates the occurrence of two-phase reversal behavior. The coercivity of the soft/hard bilayer medium is determined by the pinning field at the soft/hard interface. The pinning field of the bilayer structure is given by the following formula:
where K hard is the magnetocrystalline anisotropy parameter of the hard layer, K soft is the magnetocrystalline anisotropy parameter of the soft layer, and J hard is the magnetic polarization of the hard layer. As K Fe is very small compared with K FePt , the Fe layer first nucleates and reverses at a low external field and then almost reverses completely when the external field is at À20.8 kOe. However, the hard layer FePt does not reverse completely because of the large interfacial pinning field. When the external field reaches À23.6 kOe, the additional step appears in the hysteresis loops. This step, which causes the two-phase reversal behavior, 25 is not beneficial for practical applications of the recording media.
To eliminate the step and reduce the coercivity of the bilayer in the case of the remaining thermal stability, we set the FePt hard layer as the graded structure with different K u values (Fig. 3) . The structure scheme of the L1 0 -FePt20 nm/ Fe5 nm exchange-coupled bilayer is shown in Fig. 3(a) , where the difference in K u between the soft and hard magnetic layers (denoted as DK 1 ) is the largest. Among the three graded structures (b), (c), and (d), the hardest region of the FePt layer with a high K u used to keep a large thermal stability is located far from the soft Fe layer, whereas the softest region of the FePt layer with a relatively low K u is located near the Fe soft layer. All DK 1 of the three graded multilayer films are less than that of the bilayer. The slower the K FePt gradient, the larger DK 1 becomes. Clearly,
The simulated hysteresis loops of the L1 0 -FePt20 nm/Fe5 nm bilayer (a) and the multilayer graded films (b), (c), and (d) are shown in Fig. 4 . The results indicate that setting the K FePt of the hard layer to the graded value removes the steps and effectively reduces the coercivities. The coercivity of the multilayer graded film decreases gradually with the decrease in DK 1 . Specifically the coercivity of graded structure (d) abruptly decreases from 20.8 kOe (bilayer) to 11.8 kOe, making it very useful for writing. The thermal stability of graded media can only be determined by the magnetic properties of the hardest magnetic part of the media. . Finally, the domain walls in the soft layer propagate into the hardest layer through the domain wall motion, leading to a full reversal of the entire system [ Fig. 5(d) ].
To explain the step elimination and coercivity reduction in graded films, we compared the magnetization reversal mechanism of the L1 0 -FePt/Fe bilayer with K FePt of 2.8 Â 10 6 J/m 3 and the graded film (d). DK 1 of the bilayer is excessively high that H p is high dependent on Eq. (5). When the domain walls of the Fe layer move to the L1 0 -FePt/Fe interface, assisting in the switching of the FePt hard layer is difficult for the Fe soft layer because of the large H p . Therefore, the Fe and FePt layers show a two-phase reversal behavior. By contrast, for the graded films, the K FePt of the softest region located near the Fe layer is dramatically reduced, DK 1 is small, and H p is also low. Thus, the Fe layer can easily help the FePt layer switch. The Fe layer, together with the FePt layer, reverses simultaneously when the domain walls of the Fe layer move to the L1 0 -FePt/Fe interface. As a result, the step in the hysteresis loop disappears, and coercivity is reduced.
Consequently, the graded film is beneficial not only in maintaining high thermal stability but also in reducing coercivity. Moreover, low coercivity can make the recording media easy to be written. Therefore, the simulation results of L1 0 -FePt based on the ECG films provide more possibility to solve the "trilemma" problem 26 of the current recording media.
IV. CONCLUSIONS
In summary, using the micromagnetic simulation software, we simulated the L1 0 -FePt/Fe exchange coupled bilayer by varying the K FePt value. The results indicate that an additional step is observed in the magnetization hysteresis loop when K FePt is 2.8 Â 10 6 J/m 3 . The appearance of the step indicates that a separate reversal behavior occurs between the Fe and FePt layers. This behavior is disadvantageous for practical applications. However, by setting the FePt layer into the K u graded multilayer, the step of the hysteresis loop disappears, and coercivity is rapidly reduced. Coercivity is strongly related to the anisotropy difference between the soft magnetic layer and the softest region of the hard layer. The hardest region of the multilayer graded films located far from the soft Fe layer maintains a large K u value of 2.8 Â 10 6 J/m 3 , providing high thermal stability for the graded films.
